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Edited by Vladimir SkulachevAbstract Low concentrations of HgCl2 elicited, in Saccharo-
myces cerevisiae, a transitory increase in the ATP level followed
by a decrease of its concentration, until almost disappearance. At
1 lM HgCl2, the increase in ATP lasted for about 30 min, while
at 10 lM the increase was only observed in the ﬁrst 5 min of
treatment. The initial burst of ATP was accompanied by a de-
crease in the level of hexose phosphates, whereas during the de-
crease of ATP an increase in the inosine and hexose phosphates
levels took place. The treatment with HgCl2 inhibited the plasma
membrane proton ATPase but not the activities of hexokinase or
6-phosphofructokinase.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Saccharomyces cerevisiae1. Introduction
The contamination of aquatic environments by mercury ions
and its accumulation in organisms are matters of social con-
cern [1]. To face this problem, the need to explore the mecha-
nism of action of mercurials and to get adequate toxicity
assays are important. The toxicity of mercurials in prokaryotes
and eukaryotes could be mainly due to their reactivity towards
the –SH groups (‘‘mercury capture’’ or mercaptans groups) of
proteins and other biomolecules. Probably the plethora of met-
abolic and functional alterations promoted by mercurials
stems from this chemical property [2–6]. One of the problems
derived from so many collateral eﬀects for mercury ions is
the diﬃculty in pointing out one possible main target, if any.
It is to be expected that some of the hypothetical primary tar-
gets could be better reveled tracing the eﬀects caused by low
mercurials concentrations. Also secondary to its reactivity with
–SH groups, mercurials may promote oxidative stress by
decreasing the level of reduced glutathione and accelerating
Fe2+-induced lipid peroxidation and production of radical
superoxides [6–8].
Our interest on mercury ions stems from our previous work
with hydrogen peroxide [9,10]. We showed that 1.5 mM H2O2Abbreviations: F6P, fructose 6-phosphate; G6P, glucose 6-phosphate
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doi:10.1016/j.febslet.2005.06.017caused a rapid (few minutes) and pronounced decrease in the
ATP level of yeast cells grown in minimal medium supple-
mented with 2% glucose, as a consequence of the modiﬁcation
of the –SH groups of glyceraldehyde 3-phosphate dehydroge-
nase by H2O2 [9–13].
As HgCl2 and H2O2 seem to react with –SH groups of pro-
teins, and both are able to promote oxidative stress, we
thought of interest to compare the eﬀect of both toxic agents
on Saccharomyces cerevisiae. Unexpectedly, HgCl2 elicited a
transitory increase of ATP in the ﬁrst 5–15 min of treatment.
This observation is analyzed here.2. Materials and methods
2.1. Materials
Enzymes, cofactors, substrates and mercuric chloride were pur-
chased from Sigma or Roche Molecular Biochemicals. Yeast nitrogen
base was from Difco (Ref. 233520). Hypersil ODS column
(4.6 · 100 mm) was from Hewlett–Packard.
2.2. Strain and growth conditions
The strain used in this work was the wild-type W303-1 A from
S. cerevisiae, phenotype: MAT a leu2-3 112 his3-11 15 trp1-1 can1-
100 ade2-1 ura3-1 [14]. Cells were grown aerobically at 30 C in the
presence of 2% glucose, as described in [9]. When indicated, some
experiments were carried out with a CEN.PK derived yeast strain
(genotype Mat aura3-52), not requiring adenine (kindly supplied by
Dr. Jean Franc¸oise) [15].
2.3. Mercuric chloride treatment and measurement of nucleosides,
nucleotides and hexose phosphates (glucose 6-phosphate + fructose
6-phosphate)
Exponentially growing yeast cells, with a density of about
1.5 · 107 cells/ml (1.2 g wet weight/l), were treated with freshly pre-
pared HgCl2 solutions as indicated in each experiment. The sampling
method, preparation of acidic extracts and the analysis of nucleosides
and nucleotides by HPLC were as described in [9]. Hexose phosphates
were determined in the same extracts using phosphohexose isomerase
and glucose 6-phosphate dehydrogenase as described [16].
2.4. Enzymatic assays
Yeast cells grown to a cell density of 1.5 · 107 cells/ml and treated
with HgCl2, for the times indicated, were rapidly collected by ﬁltration
and washed once with 10 ml of extraction buﬀer (20 mM sodium phos-
phate, pH 7.0, 0.1 M KCl, and 0.1 mMDTT). The cells were recovered
from the ﬁlter with the same buﬀer, centrifuged, and the yeast pellet
disrupted as described [9]. Hexokinase (EC 2.7.1.1), phosphofructoki-
nase (EC 2.7.1.11), and glyceraldehyde 3-phosphate dehydrogenase
(EC 1.2.1.12) were assayed essentially as in [17,18,10], respectively.
The enzymatic values reported here represent the mean of three inde-
pendent experiments. One unit (U) is the amount of enzyme that trans-
forms 1 lmol of substrate per min at 30 C. The plasma membrane
proton ATPase activity was determined as described in [19]. In brief,blished by Elsevier B.V. All rights reserved.
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gation, washed twice and suspended in distilled water at 20 mg wet
weight/ml. After standing overnight at 4 C, yeast cells were collected
by centrifugation and resuspended at the same concentration in 0.1 M
KCl, 10 mM glycylglycine buﬀer pH 4.0 at room temperature (22 C)
and used to determine pH changes (Fig. 3).Fig. 1. Nucleotide content of yeast cells treated during 30 min with
diﬀerent HgCl2 concentrations. Yeast cells grown exponentially in a
minimal medium containing 2% glucose up to a density of
1.5 · 107 cells/ml were challenged with increasing concentrations of
HgCl2. After 30 min incubation cells were recovered by ﬁltration and
nucleotides analyzed by HPLC as described [9]. In (A) the content of
ATP and inosine (Ino) are represented as a function of the HgCl2
concentration (n = 2–4). In (B) representative HPLC proﬁles are
shown: a, b, c and d correspond to control and yeast cells treated with
1, 2.5 and 10 lM HgCl2, respectively. The numbers on top of the main
chromatographic peaks correspond to: (1) Ino; (2) NAD+; (3) NDP-
sugars; (4) AMP; (5) ADP; (6) GTP; (7) UTP; (8) ATP.3. Results and discussion
3.1. Nucleotide content of yeast cells treated during 30 min with
diﬀerent HgCl2 concentrations
Exponentially growing cells were subjected to diﬀerent con-
centrations of HgCl2 (0.5, 1, 1.25, 2.5, 5.0 and 10 lM) during
30 min (Fig. 1). Unexpectedly, a signiﬁcant increase in the
ATP concentration was observed after 30 min treatment with
the lower HgCl2 concentrations. Based on previous results
from this laboratory [9], the fate of inosine was also followed
in parallel. Similarly as occurred when yeast cells were treated
with H2O2 [9], inosine increased almost in parallel with the
ATP decrease, suggesting that the molecule of ATP was de-
graded to inosine (Ino) following probably the classical route:
ATPﬁ ADPﬁ AMPﬁ (IMP or Ado)ﬁ Ino [9] (Fig. 1A).
The HPLC nucleotide proﬁles corresponding to four illustra-
tive situations are also presented in Fig. 1B.
3.2. Time course of the changes in the nucleotide content after
treatment of yeast cells with diﬀerent HgCl2 concentrations
Exponentially growing cells were treated with varying HgCl2
concentrations for diﬀerent periods of time (Fig. 2). Even a
concentration as high as 10 lM HgCl2, promoted an initial
transitory increase in the ATP level, followed by a complete
decay after 20 min of treatment (Fig. 2A). The increase of
the ATP concentration was both more pronounced and persis-
tent with low doses of HgCl2. At the lowest HgCl2 concentra-
tion used (1 lM), the concentration of ATP increased around
1.6-fold in the ﬁrst 5 min and remained at this level even after
30 min of treatment (Fig. 2A). The level of inosine during the
HgCl2 treatment is illustrated in part B of the ﬁgure. Illustra-
tive chromatograms are depicted in Fig. 2C.
3.3. Search for reasons to explain the increase in ATP promoted
by HgCl2
To our knowledge there is only one publication relating
HgCl2 toxicity and ATP level in yeast [20]. In this report, the
authors employing experimental conditions diﬀerent to the
ones used here, observed a rapid decrease in the ATP level
when yeast cells (at a concentration of 33 g wet weight/l) were
challenged with 1 mM HgCl2.
To address possible reasons for the increase inATP after HgCl2
treatment observed here, the following points were considered:
(i) We ﬁrstly explored whether the increase in ATP could be
related to an increase in the permeability to adenine or
to RNA breakdown. In these experiments a CEN.PK
derived yeast strain (genotype Mat a ura3-52), not
requiring adenine was used [15]. [U-14C] adenine uptake
and RNA synthesis in the absence or presence of 1 lM
HgCl2 were determined essentially as described in [21].
In the ﬁrst 5–10 min of treatment, no diﬀerences were
observed in relation to control cells. Thereafter, both
the adenine uptake and the synthesis of RNA decreased
sharply in the treated cells (results not shown).(ii) The increase of the ATP level elicited by HgCl2 could
also be due to a higher rate of ATP synthesis attributable
to an (improbable) enhancement of the glyceraldehyde
Fig. 2. Time course of the nucleotide content of yeast cells treated with diﬀerent HgCl2 concentrations. Yeast cells grown as in Fig. 1, were
challenged with diﬀerent concentrations of HgCl2: (a) (1 lM); (b) (2.5 lM); (c) (5 lM); (d) (10 lM). At the indicated times of incubation, the
corresponding concentrations of ATP and inosine are represented in (A) and (B), respectively (n = 2–3). Representative proﬁles of the untreated
(0 min) and treated cells with 2.5 lM HgCl2 for 5, 15, 20 and 30 min are shown in (C). The numbers on top of the main chromatographic peaks
correspond to: (1) Ino; (2) NAD+; (3) NDP-sugars; (4) AMP; (5) ADP; (6) GTP; (7) UTP; (8) ATP.
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responsible for the synthesis of ATP in fermentative con-
ditions (2% glucose). However, and as expected, this en-
zyme decreased from an initial value of 7.6 ± 0.9 U/mg
to values of 5.2 ± 0.4 and 2.5 ± 1.6 U/mg, after 10 and
30 min of incubation in the presence of 2 lM HgCl2,
respectively.
(iii) The level of a nucleotide results from its rates of synthe-
sis and degradation. ATP is a center of a very important
metabolic crossroads, where it is mainly generated
through the glycolytic pathway and it is used for ana-
bolic and functional purposes. Although it is out of
the present possibilities to evaluate the fate of ATP on
each one of these numerous steps, we have considered
the contribution of three important processes consuming
ATP [22]: the plasma membrane proton ATPase, and
the phosphorylation of glucose 6-phosphate (G6P) or
fructose 6-phosphate (F6P) by hexokinase or phospho-
fructokinase, respectively.
The plasma membrane proton ATPase generates a proton
gradient that is the driving force for nutrient uptake by sym-
port mechanisms and for sodium and calcium extrusion by
proton antiport [23]. On the other side it is known that as
much as 60% of the ATP produced by yeast cells in the catab-
olism of substrates is spent in functions other than net biosyn-thesis [24]. Probably the plasma membrane ATPase could be
a major ATP utilizing system that amounts to about 10% of
the total ATP expenditure [22]. The proton pump ATPase
activity was assayed as described in Section 2 and in Fig. 3.
It is worthy noting that for this assay, concentrations of yeast
cells 20 times higher than in the experiments described in Figs
1 and 2 had to be used and, hence, mandatory higher HgCl2
concentrations were required. As shown in Fig. 3, the addi-
tion of glucose to the assay mixture promoted, in control
cells, a pH decrease of the outer medium of around 0.4 pH
units in 30 min (Fig. 3a). The proton pump was strongly
inhibited in the presence of 30 lM HgCl2 (Fig. 3c) and its
activity completely abolished with 90 lM HgCl2 (Fig. 3d).
At this last concentration, the medium was even alkalinized,
probably due to the extrusion of the cell content as a conse-
quence of damages in the plasma membrane elicited by
HgCl2. If the cells were previously incubated for 30 min in
the presence of 30 lM mercury, before addition of glucose,
the proton pump ATPase activity was comparatively more
strongly inhibited (Fig. 3e).
The eﬀect of 1, 2 and 5 lM HgCl2 on the concentration of
hexose phosphates (glucose 6-phosphate + fructose 6-phos-
phate) and of ATP was also followed in parallel. As shown
in Fig. 4, the increase of ATP is accompanied, in the ﬁrst min-
utes of treatment, by a decrease in the hexose phosphate con-
centration. Thereafter, the hexose phosphates tend to return
Fig. 3. pH changes in yeast cells suspension induced by glucose in the
absence or presence of diﬀerent HgCl2 concentrations. The reaction
mixture (6 ml) contained 0.1 M KCl, 10 mM glycylglycine pH 4.0 and
yeast cells at a density of 20 mg wet weight/ml, and the pH was
measured for 5 min at 22 C (not represented). Thereafter, the proton
pumping activity was initiated by the addition of glucose (2% ﬁnal
concentration) in the absence (curve a) or presence of 10, 30 or 90 lM
HgCl2 (curves b–d, respectively). Curve e was obtained after treatment
of the cell suspension with 30 lMHgCl2, for 30 min, before addition of
glucose. The values represented are the mean of 2 independent
experiments.
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behavior could be indicative of changes in the activity of
hexokinase and/or 6-phosphofructokinase. However these
activities did not vary signiﬁcantly in control and yeast cells
treated with 2 lM HgCl2 for 10 and 30 min. The following
values were obtained for hexokinase: 1.11 ± 0.18 U/mg (con-
trol) and 0.95 ± 0.11 and 1.15 ± 0.18 U/mg after 10 and
30 min of treatment, respectively. The values for 6-phospho-
fructokinase were: 0.32 ± 0.04 U/mg (control) and 0.26 ±
0.03 and 0.29 ± 0.02 U/mg after 10 and 30 min of treatment,
respectively. Hence, although unable to aﬀord a clear expla-
nation, we considered of interest to report here this behavior
of the hexose phosphates after treatment with HgCl2.Fig. 4. Time course of the hexose phosphates and ATP content after
treatment of yeast cells with diﬀerent HgCl2 concentrations. Yeast cells
grown as in Fig. 1 were challenged with 1, 2 and 5 lMHgCl2 as shown
in (A)–(C), respectively. The values represented are the mean of 2 or 3
independent experiments.3.4. Concluding remarks
Although it seems to us unworkable to track which one(s)
of the multiple ATP consumer pathways could account for
this ATP increase, we focused ﬁrstly on the plasma mem-
brane proton ATPase, whose activity resulted to be inhibited
by HgCl2. Although the correlation between the increase in
ATP and the decrease in hexose phosphates promoted by
HgCl2 is an experimental fact, we are at present unable to af-
ford an explanation for that. As so may possibilities are open
to consideration, we are not claiming that the increase of
ATP promoted by HgCl2 is due exclusively to the inhibition
of the proton ATPase by the mercurial, but only suggesting
that this activity could be one of the main factors to be con-
sidered in this context. After prolonged time of incubation
with HgCl2, the concentration of ATP decreases. This is
something to be expected: so many enzymatic activities could
be inhibited by HgCl2 that the fall in the amount of ATP is
the expected corollary to general disarrays in the cellularfunctions. Finally, it is also worthy noting that in the follow-
ing situations an increase in the ATP level has also been de-
scribed: during SOS induction [25] or DNA damage
promoted with nalidixic acid [26], both in Escherichia coli,
and in cells derived from rat lymphoma and cystadenocarci-
noma treated with cisplatin [27].
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